Notch hyperactivation dominates T-cell acute lymphoblastic leukemia development, but the mechanisms underlying "preleukemic" cell dissemination are still unclear. Here we describe how deregulated Notch3 signaling enhances CXCR4 cellsurface expression and migratory ability of CD4 +
Introduction
Malignant transformation of T-cell progenitors is causative of T-cell acute lymphoblastic leukemia (T-ALL). T-ALL accounts for 15% of pediatric and 25% of adult ALL cases, very frequently bearing somatic gain-of-function gene mutations in Notch1, as well as overexpression of Notch3 [1] [2] [3] . Moreover, Notch3 gene activating mutations have been recently reported in T-ALL [4] . Notch receptors regulate T-cell fate choices, dominating early steps of thymocyte differentiation [5, 6] . Additionally, thymocyte turnover is regulated by natural cell competition, between "young" bone marrow (BM)-derived and "old" thymus-resident progenitors, whose impairment enables T-ALL progression via pre-malignant stages [7] . A major role is also played by the interaction between leukemia and nonleukemia cells in the microenvironment, probably dictating the survival of leukemia initiating cells.
Chemokines drive T-cell development through a gradient-dependent directional migration. Secreted by stromal and epithelial cells, chemokines mediate physiological and pathological processes, essentially related to cell homing and migration [8] . In adult thymus, T-cell precursors development requires CXCL12, also termed stromal derived factor-1 (SDF-1), which by binding to the G protein coupled receptor (GPCR), CXCR4, and through multiple divergent pathways, leads to chemotaxis, survival, and proliferation [8] . Through the cortex and medulla, GPCRs guide immature thymocytes to the appropriate microenvironment for specific developmental stages: CD4 − CD8 − Double Negative (DN)1-4 to CD4 + CD8 + Double Positive (DP) stages and CD4 + or CD8 + Single Positive (SP), respectively [9] . Moreover, SDF-1/CXCR4 axis is linked to mature SP thymocytes egress from the thymus [10, 11] . CXCR4, highly expressed since DN2 to the DP stage [12, 13] , drives normal intrathymic T-cell development [14] . During β-selection, the SDF-1/CXCR4 axis cooperates with preTCR to allow Notch-dependent differentiation of DN3 to DP thymocytes. Moreover, CXCR4 regulates preTCRdependent survival signals and maturation of thymocytes during β-selection [15] . This early selection is under the control of two Notch receptors, Notch1 mainly driving DN2 to DN3, while Notch3 governing DN3 to DP thymocyte transitions [16, 6] . Both preTCR and CXCR4 signals converge on Erk phosphorylation, regulating SDF-1-induced chemotaxis of DN3 thymocytes [17, 14] . We previously demonstrated the oncogenic potential of Notch3 in transgenic (tg) mice, overexpressing the constitutively active intracellular domain of Notch3 (N3-IC) in immature thymocytes, which develop an aggressive T-cell ALL, recapitulating most of human T-ALL features. Fourweek-old N3-ICtg mice display early precursor deregulation, by expanding the DN3 stage and increasing total thymic cellularity [18] . At 12 weeks, thymus depletion, splenomegaly, lymph nodes enlargement, and BM colonization by lymphoblastic cell population occur. Phenotypic similarities between the infiltrating lymphoma cells and the thymocytes of younger mice suggested an immature T-cell propagation [18] . Notably, a prominent feature in Notch-induced T-ALL mouse models is the circulation of CD4 + CD8 + T-cells [19, 20] . Moreover, disrupted natural cell competition in the thymus may enable progression to leukemia by dissemination of pre-T-ALL CD4 lo/+ /CD8 + cells [7] .
Here, we study anomalous CD4 + CD8 + T-cells propagation in Notch3-IC-induced T-ALL, by detecting atypical DP T-cells outside the thymus at early and late T-ALL stages. Notably, our results highlight that the high and combined expression of CXCR4 and Notch3 defines "preleukemic" DP-cells, precociously detected inside the thymus, and then in circulating blood and BM. [21] . Overall, our data suggest that in Notch3-induced T-ALL leukemia, high Notch3 and CXCR4 co-expression marks "pre-leukemic" DP thymocytes and allows their egression and propagation outside the thymus. This finally gives them access to the blood stream and BM and favors T-ALL progression.
Results
High CXCR4 cell-surface expression correlates with enhanced migration of N3-ICtg DP thymocytes Aberrant preT/T-cell development, Protein Kinase C θ-dependent constitutive activation of NF-κB, persistent expression of pTα/preTCR chain, and a failure of CD25 downmodulation beyond the DP stage characterize N3-ICtg mice [18, 2, 22, 23] .
SDF-1/CXCR4 axis-mediated DN/DP transition and its suggested relevance in T-ALLs [14] prompted us to analyze CXCR4 expression in abnormally represented DP T-cells in N3-ICtg mice.
First, we observed a higher CXCR4 cell-surface expression in transgenic DP thymocytes at the single cell level (Fig. 1a) , as highlighted by the significant difference in the CXCR4 mean fluorescence intensity (MFI) between wild-type (WT) and N3-ICtg DP-gated thymocytes of 6-8-week-old mice. Increased CXCR4 expression seems to not be transcriptionally regulated (Fig. 1b) . Moreover, in DP thymocytes of N3-ICtg as well as in WT mice, SDF-1 mRNA is undetectable (data not shown). Our data propose a leukemic cell-autonomous mechanism, excluding SDF-1 autocrine production, as previously reported [24, 25] . In addition, we observed a greatly decreased expression of SDF-1 mRNA in N3-ICtg as opposed to WT whole thymus (Fig. 1c) .
SDF-1/CXCR4 axis-mediated chemotaxis regulates thymocyte maturation by directing DP T-cells into the cortex [26] and retaining them there. In our model, enhanced cellsurface expression correlates to CXCR4 function. In fact, in response to SDF-1, N3-ICtg DP thymocyte migration increases more than WT DP cell migration and does so in a dose-dependent manner (Fig. 1d) .
Conceivably, transgenic DP thymocytes, with higher CXCR4 surface expression, are more responsive to SDF-1, whose reduced expression in the N3-ICtg thymus microenvironment (Fig. 1c) and decreased retaining function may deregulate their progressive maturation into the thymic cortex and increase their responsivity to external stimuli.
Notch3
+high CXCR4 +high DP T-cells competitively increase in N3-ICtg thymus
Relative to WT, DP T-cell percentages of 3-and 6-8-weekold transgenic thymi are unchanged (Fig. 2a, b) , while slightly decreased in 12-14-week-old mice ( Figure S1A ). High CXCR4 (Fig. 1a) and the persistent Notch3 cellsurface expression ( Figure S1B) (Fig. 2c) . Fig. 1 Enhanced CXCR4 cellsurface expression and migratory ability in N3-ICtg thymocytes. a surface CXCR4 mean fluorescence intensity (MFI) on DP-gated thymocytes of WT (n = 4) and N3-ICtg (n = 5) mice; b CXCR4 mRNA expression in DP thymocytes of WT (n = 3) and N3-ICtg (n = 3) mice; c SDF-1 mRNA expression in whole thymi of WT (n = 3) and N3-ICtg (n = 3) mice; d Migration of WT (n = 3) and N3-ICtg (n = 3) DP thymocytes in response to (20- Clearly, hyperactive Notch3 induces an overcoming DP subset, which brightly expresses Notch3 and CXCR4 receptors.
Anomalous Notch3
+ CXCR4 + DP T-cells are detected early in circulating blood of N3-ICtg
organs has already been demonstrated in preclinical models of Notch-induced T-ALL [18, 27, 20] . Moreover, Pin1 deletion prevents leukemia progression by reducing Notch3 expression and blocking the expansion/invasiveness of circulating CD4 + CD8 + T-cells in N3-ICtg blood [21] .
Given the competitive increase of Notch3 +high CXCR4 +high DP thymocytes in 3-week-old N3-ICtg mice (Fig. 2a) and CXCR4-mediated SP cell egress, we evaluated the immunophenotype of atypical CD4 + CD8 + cells in circulating blood (Fig. 3) . Before the full-blown disease, the blood of 3-week-old N3-ICtg mice is virtually devoid of DP T-cells (0.5% ± 0,1%), as compared to WT mice (0.3% ± 0.2%) (Fig. 3a, left panels) . Consequently, Notch3 + CXCR4 + DP T-cells are virtually undetectable (Fig. 3a, right panels). Conversely, by 6-8 weeks (Fig. 3b , upper panels), we find CD4 + CD8 + (4.0% ± 1.0%) in N3-ICtg blood, mostly composed of Notch3 +high CXCR4 +high DP cells (74,4% ± 15,0%), recalling the specific Notch3 +high CXCR4 +high DP transgenic thymocytes (Fig. 2b) . At 12-14 weeks, when the disease progresses (Fig. 3b , lower panels), DP Tcells percentage increases in N3-ICtg blood (8,0% ± 4,0%).
Within this population of DP T-cells, Notch3
+ CXCR4 + (23,0% ± 4,6%) are progressively replaced by Notch3
+high cells portray the early circulating DP Tcells in the blood of our T-ALL model. In support of deregulated CXCR4 expression, transgenic CD8 + thymocytes show a decreased percentage of CXCR4 + cells and a reduced SDF-1-induced migration when compared to CD8 + WT thymocytes ( Figure S2A and B). It is possible that Notch3 activation impairs thymocyte development beyond the DP stage by favouring precocious exit of DP thymocytes from the thymus, finally affecting CD8 + T-cells maturation.
Based on the ratio between CD4
observed in 6-8-week-old N3-ICtg blood stream the maximum expansion of circulating Notch3 + CXCR4 + DP T-cells ( Fig. 3c ), which overcome Notch3 − CXCR4 + DP T-cells. At 12-14 weeks, with the disease fully developed, the ratio of Notch3 + CXCR4 + versus Notch3 -CXCR4 + DP subsets within the total DP population is greatly decreased (Fig. 3c ), as the data in Fig. 3b (lower panels) show.
Our results suggest a dynamic trend, with a time-dependent switch of circulating DP T-cell subsets in N3-ICtg blood. Propagation of Notch3 +high CXCR4 +high DP T-cells outside the thymus may be a result of the abnormal increase within young N3-ICtg thymus ( Fig. 2a) and their enhanced SDF-1-dependent migratory ability (Fig. 1d) , possibly related to the decreased expression of thymic SDF-1 (Fig. 1c) , which may justify the decreased retention inside the thymus.
The wave of Notch3
+ CXCR4 +
DP T-cells progressively invades N3-ICtg BM
CXCR4 expression facilitates pathogenic T-cell trafficking in the BM of murine Aplastic Anemia model [28] . Moreover, BM stroma producing SDF-1 and vascular endothelial niche are necessary for leukemic cell maintenance in T-ALL progression [25] .
To analyze BM infiltration in our mouse model, we first assessed the percentages of DP T-cells in BM of 3-week-old WT (0.2% ± 0.1%) and N3-ICtg (0.6% ± 0.4%) mice (Fig.  4a) . Essentially, Notch3
+ CXCR4 + DP T-cells were undetectable.
With disease progression, a massive infiltration of N3-ICtg BM was observed (Fig. 4a) . Indeed, we assessed the higher percentage of total DP T-cells in N3-ICtg BM at 6-8 weeks (31.3% ± 12.8%), and at 12-14 weeks of age (34.4% ± 14.2%), as opposed to 3-week-old mice (0.6% ± 0.4%) (Fig. 4a) . In contrast, as shown in Fig. 4a , DP cells were never detected in WT BM at 6-8 and 12-14 weeks of age (0.5% ± 0.2% and 0.4% ± 0.3%, respectively). Meanwhile, at different ages, a statistically significant increase of the absolute number of total DP T-cells infiltrating N3-ICtg BM was observed (Fig. 4b) . Notch3 + CXCR4 + T-cells mostly compose the DP population infiltrating the BM in 6-8-week old (61.4% ± 14.2%), with a steady level in 12-14-week-old (57.9% ± 15.4%) N3-ICtg mice (Fig. 4a ). Given these high percentages, we speculate that this population colonizes and easily proliferates in the transgenic BM niche. Thus, we compared the absolute numbers of Notch3 − CXCR4 + DP versus Notch3 + CXCR4 + DP cells, normalized to total DP T-cell values (Fig. 4c) . No difference between the two subsets in 3-week-old mice was observed, in agreement with data shown in Fig. 3c . Conversely, Notch3 + CXCR4 + DP cell number peaks at 6-8 weeks and remains unchanged in 12-14-week-old N3-ICtg mice (Fig. 4c) . Newly, our results highlight the homing and expansion of Notch3
The association of CXCR4 expression to site-specific metastasis, into BM [29, 30] of neuroblastoma-bearing patients [31] , and the supportive effect of endothelial niche in Notch-dependent T-ALL cells maintenance [25, 24] , favor our hypothesis that Notch3/CXCR4 crosstalk directs "pre-leukemic" DP-cells to the BM.
High Notch3/CXCR4 co-expression facilitates DP thymocytes homing and engraftment into BM
The "bone marrow-derived" leukemic cells, CXCR4-dependent invaders [25, 24] , T lymphoid precursors clonal proliferation, and the suggested intrathymic origin of T-ALL [32, 33] prompted us to analyze whether the Notch3 + DP-cells normalized to total DP gated cells of N3-ICtg bone marrow. For each corresponding age, at least five N3-ICtg mice were used. One-way ANOVA (Tukey's post-test) and Student's t-test performed where appropriate (**p < 0.01; ****p < 0.0001; ns, not significant)
+ DP thymocytes, with high capability to migrate and circulate in N3-ICtg mice, could specifically engraft and infiltrate into BM of NSG recipient mice. In Figure  S3A , our separation protocol is schematized. (Fig. 5a , upper panels). Conversely, BM cells from N3 low -injected mice display only 0.1% of DP T-cells, essentially devoid of surface Notch3 (Fig. 5a, lower panels) . The evaluation of DP T-cell numbers in BM of N3 high -injected mice (Fig. 5b ) evidences their trend to greatly increase, by comparing DP cell numbers at day1 and day10 (upper graph). Already at day1, DP T-cell number is higher in N3
high -injected when compared to N3 low -injected mice. In fact, at day1, N3 low DP cells fail to home in NSG BM (Fig. 5b) . Strikingly at day10, we demonstrate that N3
high DP cells achieve a greatly increased engraftment in the BM of NSG recipient mice when compared to N3 low DP cells (Fig. 5b) . The difference is clearly indicated by the increased ratio of DP cell numbers (Fig. 5b, lower graph) low DP T-cells (lower) at day1 (green-hexagon) and day10 (red-triangle) (*p<0.05; Student's t-test, Mann-Whitney). See also Figure S3A and B day1 and to engraft and expand in the BM of recipient mice 10 days post-injection. This "fitness" may rely on the enhanced responsivity of N3 high cells to BM microenvironment, releasing the pro-survival factor SDF-1. To this regard, in ex vivo experiments, 24 h after SDF-1 treatment, we observed a significant reduction of spontaneous apoptosis, as measured by AnnexinV staining (AnnnexinV + ) within N3 high DP thymocytes subset (Fig. 5c,  upper panel) , when compared to N3 low DP cells, which appear quite SDF-1 unresponsive (Fig. 5c, lower panel) . We hypothesize that Notch3 hyperexpression, through the increased surface expression of CXCR4 (Fig. 1a) , allows a better DP settlement by potentiating SDF-1 responsiveness and hence CXCR4-mediated survival programs. Interestingly, N3 high and N3 low DP cells have a different proliferation rate. In vivo BrdU labeling demonstrates that N3 high DP cells have an enhanced proliferation rate ( Figure S4A and B). Additionally, in comparison to N3 low , N3 high DP subset displays a higher Ki67 expression as confirmed by higher Ki67 MFI ( Figure S4C ).
Propagation of purified thymocytes was further analyzed in the spleen. By day1 post-injection, N3 high DP-cells invade the spleen, further increasing at day10. In contrast, N3 low cells are nearly absent at both times (Fig. 5d, upper graph) high to be successful in infiltrating both BM and spleen (Fig. 5d, lower graph) . Overall, we hypothesize that Notch3/CXCR4 crosstalk enhances the early spreading of N3 high DP thymocytes toward BM and the spleen in response to SDF-1 chemoattraction, thus evidentiating their "fitness" in dissemination and expansion.
CXCR4 in vivo pharmacological antagonism reduces BM infiltration by Notch3 overexpressing DP T-cells
AMD3100 is an extremely specific and effective CXCR4 antagonist. It has been used for hematopoietic stem cell mobilization as well as for the treatment of myeloid leukemia and solid tumors [34] .
To investigate the effect of CXCR4 antagonism in abnormal Notch3
+ CXCR4 + DP cell propagation, we performed a daily in vivo intraperitoneal (IP) administration of young N3-ICtg mice, just before BM colonization occurs. After 10 days, we evaluated DP T-cell numbers in BM by flow cytometry, as shown in Fig. 6 . Total DP cells that infiltrate BM are greatly reduced by the administration of AMD3100, as compared to PBS-injected mice (Fig. 6a) . Interestingly, infiltrating DP cells are mostly composed by Notch3 + CXCR4 + , still significantly decreased in AMD3100-treated with respect to PBS-injected mice (Fig.  6b) . Notably, these results demonstrate that in vivo CXCR4 pharmacological antagonism can dramatically reduce the BM infiltration and engraftment by "pre-leukemic" DP cells. Therefore, this in vivo treatment may have significant implications for a potential therapeutic approach.
Notch3 targets CXCR4 surface expression by modulating β-arrestin1 function
For a molecular insight in Notch3-boosted CXCR4 expression, we modulated Notch3 function in a human leukemia cell-line, TALL-1 cells, characterized by CD4/ CD8/CD3 expression, Notch3 activating mutations without known alterations of Notch1 [4] , and here, for the first time, by high CXCR4 cell-surface expression (Fig. 7a) . We silenced the Notch3 gene in TALL-1 cells (shNotch3) and hence we monitored CXCR4 cell-surface expression by flow-cytometry, (Fig. 7a and S5 ). Notch3 silencing impairs surface expression of CXCR4 (Fig. 7a, right panel) , which is not accounted for by reduced CXCR4 total protein levels ( Figure S6A ). In keeping with unchanged CXCR4 mRNA levels in N3-ICtg with respect to WT DP-cells (Fig. 1b) , no Notch-induced transcriptional regulation of CXCR4 mRNA has been reported in T-ALL1 cells [35] . Notably, silencing of Notch3 decreases CXCR4 Fig. 6 In vivo CXCR4 antagonism greatly contrast atypical DP infiltration in N3-ICtg BM. Three-to four-weekold N3-ICtg mice were treated daily with PBS (PBS) or with the CXCR4 antagonist, AMD3100. At day10 postinjection, absolute numbers a of DP T-cells and b of Notch3 +CXCR4+DP T-cells were analyzed. PBS, n = 3; AMD3100, n = 6. Results represent mean ± SD (*p < 0.05; **p < 0.01; Student's t-test) cell-surface expression, while greatly impairing TALL-1 in vitro migration in response to SDF-1 (Fig. 7b) .
CXCR4 internalization [36, 37] implies β-arrestin1 activity, whose Erk-triggered inhibitory control regulates β-adrenergic receptor internalization [38] . Phosphorylation/ dephosphorylation at Ser-412 selectively regulates endocytic but not desensitization function of β-arrestin [38] . With respect to control (CTRL), shNotch3 cells display a reduced expression level of Ser-412-phosphorylated β-arrestin1 (p-β-arrestin1), with respect to its unphosphorylated form (Fig. 7c, left panel) . This is in agreement with decreased phospho/unphospho β-arrestin1 ratio ( Figure  S6B ). Together, these results correlate with decreased phospho-Erk kinase in Notch3-silenced cells ( Figure S6C ), and are in agreement with the Erk signaling enhancement reported in DP/CD8
+ thymocytes from N3-ICtg mice [39, 40] . In keeping with and supporting the above observations, the whole-cell protein extracts (WCE) of thymocytes from Figure S4 and S6. f Optical densitometry of β-arrestin1 protein in WT (n = 3) and N3-ICtg (n = 3) thymocytes (**p < 0.01, Student's ttest). Densitometry was performed on scanned immunoblot images using ImageJ 6-8-week-old N3-ICtg mice (N3-ICtg 1 , 2 ) display a higher level of p-β-arrestin1, when compared to thymocytes from WT mice (Fig. 7c, right panels) .
To investigate the role of β-arrestin1 in mediating the Notch3 effect on CXCR4 expression, we utilized a β-arrestin1 mutant that mimics its phosphorylated form Ser412→Asp (S412D) and acts as a dominant negative inhibitor of receptor sequestration/internalization [41] . To this purpose, we transiently cotransfected Hek293 cells with the active Notch3-IC together with either the WT (β-arrestin1-wt) or the phosphorylated mutant (β-arrestin1-S412D) ( Figure S7 ). As shown in Fig. 7d , we observed that, in the presence of activated Notch3, the constitutively phosphorylated form of β-arrestin1 (β-arrestin1-S412D) enhances CXCR4 surface expression more efficiently with respect to the wt form.
Together, the above results demonstrate that Notch3 is able to sustain the levels of p-β-arrestin1, which in turn cooperates with Notch3 to maintain the levels of CXCR4 surface expression.
Notably, Notch3 silencing (shNotch3) reduces β-arrestin1 in nuclear extract relative to CTRL cells (Fig. 7e,  left panels) . Indeed, DP/CD8 + thymocyte fractionated extracts reveal that β-arrestin1 protein increases in the nucleus, but decreases in the cytoplasm of N3-ICtg mice (Fig. 7e , right panels; and Figure S8A and B) supporting its inability to internalize CXCR4. Newly, our results correlate Notch3 hyperexpression to altered β-arrestin1 function/localization, which impairs CXCR4 internalization.
Finally, since we observed a significant decrease of β-arrestin1 protein levels in thymocytes from N3-ICtg when compared to WT mice (Fig. 7f) , which would further support its role in regulating CXCR4 expression, in order to investigate a possible translational significance of the correlation between the CXCR4 receptor and the β-arrestin1 adaptor/scaffold protein, we performed an in silico analysis of CXCR4 and β-arrestin1 gene expression in a cohort of 117 T-ALL pediatric patients [42] . Interestingly, we found a significant inverse correlation between CXCR4 and β-arrestin1 gene expression in selected patient subgroups ( Figure S9A and B).
Discussion
We characterized the impact of the relative "fitness" of thymus-derived "pre-leukemic" DP-cells on BM homing and engraftment. Still poorly understood are clues on what goes astray when in a normal thymus originates T-cell leukemia.
Gene expression profiling of human T-ALL samples, distinguishes different stages of arrest during T-cell development: (i) early immature T-ALLs at the DN stage, opposed to (ii) CD1a
+ T-cells, respectively, in early-cortical and late-cortical thymocyte T-ALLs [43] . We report here the competitive progressive expansion of CD4
thymocytes in 3-week-old N3-ICtg thymus, peaking at 6-8 weeks and reaching a plateau at 12-14 weeks, well correlated to the anomalous propagation of DP-cells in circulating blood. Enhanced CXCR4 cell-surface expression characterizes highly migrating transgenic DP thymocytes and may interfere with normal T-cell/stroma interactions, thus relieving Notch3 +high CXCR4 +high DP cells from outside control. Our data converge on a "thymus-autonomous" mechanism also relying on reduced SDF-1-dependent retention inside the thymus of transgenic as opposed to WT intrathymic microenvironment. Hence, early detection of Notch3 +high CXCR4 +high DP in blood and BM of N3-ICtg mice at 6-8 weeks of age may suggest DP accelerated egress and thymus depletion, possibly unbalancing thymocyte subpopulations. As a possible consequence of this, T-cell depletion and subverted architecture in 12-14-week-old N3-ICtg thymus occur as previously reported [18] . Our results demonstrate the transient presence of Notch3 We demonstrate that Notch3 modulates surface expression of CXCR4 in human TALL-1, by requiring β-arrestin1, whose unphosphorylated status is necessary for β-arrestin/ src and β-arrestin/clathrin interaction and GPCR/CXCR4 receptor endocytosis [44, 45] . Intriguingly, the β-arrestin1-S412D mutant, unable to bind clathrin and acting as a dominant negative inhibitor of receptor sequestration/internalization [41] , enhances Notch3-induced CXCR4 cellsurface expression. We observed here that in N3-ICtg DP thymocytes, β-arrestin1 undergoes heavy Ser412-phosphorylation and increased nuclear translocation, suggesting the impairment of its function toward CXCR4 internalization. Additionally to previous data [24] linking CXCR4 recycling to calcineurin-dependent expression of cortactin, we propose that Notch3 regulates function and expression of β-arrestin1 to prevent CXCR4 receptor internalization. Nevertheless, β-arrestin1 can bind and colocalize with cortactin [46] , and we cannot exclude their convergent connection.
To go further beyond the Notch3 +high CXCR4 +high DP organ-wide dissemination, we investigated their migratory ability in in vivo NSG transplant experiments. Our results highlight that not simply DP, but selected N3 high DP thymocytes are efficient in positioning into BM, already at day1 post-injection. We report here for the first time how a wave of "thymus-derived" Notch3 +high CXCR4 +high DP-cells is able to home and engraft into BM of NSG recipient mice, while the ability of "bone marrow-derived" leukemic cells to infiltrate lymphoid organs and CNS in T-ALL was previously reported [24, 25, 47] . We show that high CXCR4 is per se insufficient, but requires an active Notch stimulus, Notch3 in our model, that possibly potentiates the SDF-1-driven nest of Notch3 +high CXCR4 +high DP-cells into BM niches. Our results delineate a new mechanism by which a specific subset of DP T-cells, with a high Notch3 and CXCR4 co-expression and an elevated proliferation rate, are forced to egress from the thymus and fit to rapidly colonize BM and possibly peripheral organs (i.e., the spleen) during T-ALL progression.
In support of our hypothesis, in vivo CXCR4 antagonism by AMD3100 can contrast atypical DP infiltration in the BM of young N3-ICtg mice. Notably, the increased number of N3 high and the ratio N3 high /N3 low DP cells infiltrating the spleen further highlight the environmental requirements to sustain Notch3 +high CXCR4 +high DP "fitness" in T-cell leukemia propagation. It has been previously shown that primary explants of T-ALL are prone to apoptosis unless stromal stimuli, like Notch ligands (Delta-like1) and SDF-1, are present [25, 48] . In keeping with this we observed a reduced spontaneous apoptosis in SDF-1-treated N3 high DPcells, while apoptosis of N3 low DP-cells resulted unaffected by SDF-1 treatment. The incompetence of N3 low DP T-cells to home and engraft into BM and spleen, at day1 and day10 post-injection, underlies the need of a strong Notch signal for committing CXCR4-expressing leukemic cells to propagate and expand in peripheral organs.
In conclusion, our results highlight a new perspective function of CXCR4 combined with Notch3 in selecting and mobilizing "pre-leukemic" DP cells that easily fit to disseminate in early T-ALL progression. Moreover, the Notch3/CXCR4 crosstalk suggests the attractive possibility of combined therapy protocols to precociously target T-ALL cells.
Materials and methods

Mice
N3-ICtg mice [18] were bred and maintained as reported in [49] 
Cell culture
Hek293T, TALL-1 cells were maintained as described elsewhere [4, 50] and all are mycoplasma-free.
Cell transfections and plasmids
Hek293 cells were transiently transfected by TransFectin™Lipid Reagent (BioRad) as in [51] . Expression plasmids used: pCMV-Notch3-IC-HA [18] , pcDNA3-βarr1-HA, and pcDNA3-βarr1-S412D-Flag [41] (gift from Robert Lefkowitz; Addgene plasmid #42196).
siRNA silencing experiments 
RT-PCR/qRT-PCR
Total RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR) were described [52] . CXCR4 and HPRT mRNA levels were determined by TaqMan quantitative real-time RT-PCR (qRT-PCR) performed on cDNA following manufacturer's instructions (Applied-Biosystems). Data analysis by ΔΔCt method (HPRT use for normalization of mRNA levels).
Migration assay
In vitro SDF-1-induced (Peprotech) migration was performed with thymocytes (20 and 200 ng/ml) or TALL-1 cells (5 and 50 ng/ml) as described in [53] . An unrelated ligand, SLC (1 μg/ml; Protech) was used. Ninety minutes post-induction, cell-migration was counted by FACS as in [54] .
Protein extracts and immunoblotting
Nuclear-cytosol fractionations of purified DP/CD8 + cells, with CD8a(Ly-2) microbeads (Miltenyi-Biotec) following manufacturer's protocol, and of TALL-1 cells were performed as described [23, 55] . WCE and immunoblotting assays were performed as described [23] . Used antibodies: Anti-Flag(F3165), anti-β-actin(A5441) (Sigma-Aldrich); anti-Phospho-β-arrestin1-Ser412(2416), anti-Notch3(2889) (Cell-Signaling); anti-β-arrestin-1(sc-9182), anti-Phospho-Erk(sc-7383), anti-Erk-1/ 2(sc-93/sc-154), anti-α-tubulin(sc-803) and anti-LaminB (sc6217) (Santa-Cruz); Anti-CXCR4 (ABCAM; 2074).
Flow cytometry
T-cells from thymi, blood, and BM were processed as described [22] and stained with anti-CD4-PerCP-Cy5.5, anti-CD8-APC, IgG2bPE(12-4031) (BD-Biosciences); anti-CXCR4-PE (eBioscience); anti-Notch3-Fitch(AF1308) and normal goat-IgG(AB-108-C) (R&D Systems) [53] . Samples analysis on FACSCalibur using CellQuest-software (BDBiosciences).
CD8-H7(560182) was used with anti-AnnexinV-APC (550474) (BD-Biosciences 
In vivo administration of AMD3100
Three-to four-week-old N3-ICtg mice were IP injected daily with AMD3100 (10 mg/kg; Sigma-Aldrich) or vehicle (PBS). FACS analysis of BM cells was performed at day1 and day10. Antibodies are mentioned above in flow cytometry [53] .
Statistical analysis
Comparison of two groups using unpaired t-test or Mann-Whitney test was done. Comparison of more groups using one-way ANOVA (Tukey's post-test and Kruskal-Wallis test) was done. A p-value of <0.05 was considered as statistically significant (*p < 0.05, **p< 0.01, ***p < 0.001, ****P < 0.0001; § § p < 0.01; § § § § p < 0.0001). At least three independent experiments are reported as mean ± SD (the repeat number was increased according to effect size or sample variation). Estimation of sample's size considering variation and mean of samples was done. No statistical method was used to predetermine sample size. No animals/samples were excluded from the analysis. Statistical analysis was conducted with PRISM-program (GraphPad).
In vivo BrdU labeling and Ki67 staining
Each 8-week-old N3-ICtg mouse was IP injected with 1.5 mg/150 ml BrdU (Sigma-Aldrich; B9285) in PBS; 24 h post-IP-injection, anti-CD4/anti-CD8/anti-Notch3 extracellular staining was followed either by anti-BrdU (BioLegend; 339807) [57] or fixed and permeabilized for intracellular antigen detection of BV510mouse Aati-Ki-67 (BD-563462).
In silico analysis of T-ALL patients' deposited data
Blood samples from 117 pediatric T-ALL patients [42] were selected and analyzed for correlation between CXCR4 and ARRB1. Expression probe sets 217028_at representing CXCR4 and 222912_at representing ARRB1 were used.
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